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Can Inflation solve the Hierarchy Problem?
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(Dated: June 4, 2018)
Inflation with tunneling from a false to a true vacuum becomes viable in the presence of a scalar
field that slows down the initial de Sitter phase. As a by-product this field also sets dynamically the
value of MPlanck observed today. This can be very large if the tunneling rate (which is exponentially
sensitive to the barrier) is small enough. Therefore along with Inflation we also provide a natural
dynamical explanation for why gravity is so weak today. Moreover we predict a spectrum of gravity
waves peaked at around 0.1 mHz, that will be detectable by the planned space inteferometer LISA.
Finally we discuss interesting predictions on cosmological scalar and tensor fluctuations in the light
the WMAP 3-year data.
PACS numbers: 98.80.Cq
I. INTRODUCTION
At least two fundamental scales appear to be present
in the observed Universe, and they are extremely differ-
ent: the electroweak scale, MEW , and the Planck scale
MPl. The fact that their ratio appears to be around
MEW /MPl ≈ 10−14 − 10−15 is a puzzle for many rea-
sons.
First, one can have the theoretical prejudice that a
deeper comprehension of physics should lead us to a the-
ory with one single mass scale. So the fact that gravity
is so much weaker than other forces of Nature seems a
problem whose resolution will lead us to a better under-
standing of our Universe.
Second, even if we assume that the fundamental the-
ory has two different mass scales, one has to understand
what is there in the “desert” between these two scales,
and at which scale new physics will appear? This is a very
important question both for experimental purposes (is it
worth building accelerators to explore this desert?) and
for theoretical problems. In fact, the new physics scale
is assumed to set the ultraviolet cutoff for the presently
known particle physics. It is well known that the Stan-
dard Model of particle physics suffers from a major the-
oretical problem, which is the stability of the Higgs mass
under radiative corrections: the Higgs mass is quadrat-
ically sensitive to the ultraviolet cutoff and if the cutoff
scale is much higher than the electroweak scale an ex-
treme fine-tuning between the bare mass and the one-
loop correction is required to give a low value for the
physical mass (we know from electroweak precision data
that the latter cannot exceed about 200 GeV, for a review
see [1] and references therein). It is more than plausible
therefore that the new physics scale has to be very close
to MEW . However the problem could still persist going
up to the Planck scale, which is the highest known scale,
unless the new physics is able to “screen” the sensitivity
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to MPl. This possibility is the main motivation for mod-
els of low-scale supersymmetry. However no hint for this
possibility has been found in accelerators until now, and
the arrival of the LHC cries for other possibilities.
An alternative possibility, which has become very pop-
ular in the recent years, starts with the idea that there
may only be a single scale in the fundamental theory. If
this scale isMEW (rather thanMpl), then the cutoff scale
would be very close to the experimental bound (which is
around 10 TeV, [1])∗.
This has been proposed in the framework of extra di-
mensional models [2, 3]: in such scenarios there is only
one fundamental scale and the weakness of gravity comes
from the fact that only gravity propagates in the ”bulk”.
The new proposal that we put forward here is simi-
lar in spirit but more conservative. We also assume that
there is only one fundamental scale, and (similarly to
[3]) we exploit the presence of an exponentially sensi-
tive quantity in order to explain the Hierarchy Problem.
However we need no extra dimensions and moreover we
get the explanation as a by-product of Inflation, which is
another major paradigm [4] that requires physics beyond
the standard model, making this scenario even more in-
teresting.
A new idea for Inflation has been put forward in [12],
where it was shown that a false vacuum can give rise
to a viable model of Inflation, with the addition of one
scalar field with non minimal coupling to gravity. Such a
field slows down dramatically the exponential expansion
of the Universe, allowing graceful exit through tunnel-
ing and bubble nucleation when the Hubble parameter
becomes of the order of the tunneling rate. In this way
the fact that the Universe could have reasonably started
from a false vacuum turns out to be what gives our post-
inflationary Universe. This realizes inflation without flat
∗ Note that the main point of this paper is the hierarchy between
gravity and electroweak scale, and we do not address the prob-
lem of the ’Little” Hierarchy of about two orders of magnitude
between this cutoff scale and the Higgs mass.
2potentials, which are the framework for slow-roll infla-
tion.
Now, our proposal for a solution of the Hierarchy prob-
lem arises from this idea, and it is radically different from
supersymmetry or extra dimensions. It is a dynamical
solution, which makes the Hierarchy a time dependent
quantity, that evolves during Inflation.
The small numberMEW /MPl is explained via another
small number Γ
1/4
vac/M , where M is the only fundamen-
tal scale (around TeV), and Γvac is the tunneling rate
per unit volume of the false vacuum to the true vacuum,
which is assumed to be at almost zero energy. The cru-
cial point is that Γvac is exponentially sensitive to the
details of the potential [5], and therefore it can easily be
many orders of magnitude smaller than the fundamental
scale M .
Remarkably our idea is clearly testable, having a num-
ber of predictions, observable in the near future. There
are in fact very few relevant parameters and the model
is already very constrained.
The most striking prediction is a distinctive spectrum
coming from bubble collisions at reheating. In our model
the reheating temperature is close to the TeV scale and
this determines the frequency of the peak of gravity
waves. It happens that it falls in the range of sensitivity
of the space interferometer LISA [15], with a detectable
amplitude. Moreover the frequency corresponds directly
to the energy scale of new physics, and the latter could be
eventually measured also by the LHC, as the cutoff scale
of higher dimensional operators. This would allow us to
compare two completely different observations, regulated
by the same scale, therefore providing an extremely clear
test to confirm or rule out our idea.
In addition to this, we discuss also the power spectrum
of tensor (gravity waves) and scalar (density) perturba-
tions, that any inflationary model produces. Depend-
ing on the specific realization of our idea we can make
a prediction either on the scalar spectral index†, or on
the stochastic background of gravity waves produced by
quantum fluctuations during inflation measurable by up-
coming experiments.
To summarize, the addition of a single scalar field to
“Old Inflation” achieves the following:
• it provides a graceful exit to Inflation,
• it does not need to assume flat potentials, and it ex-
plains easily the horizon and flatness problems together
with giving a spectrum of cosmological perturbations in
agreement with WMAP,
• it explains dynamically the Hierarchy problem, using
the fact that a tunneling rate is naturally exponentially
suppressed,
• it gives rise to a model of inflation which is viable and
† In the first version of this paper we made a prediction on the
scalar spectral index which is in good agreement with the new
WMAP 3-year data [18].
testable in the near future (especially through gravity
waves).
II. INFLATION AND HIERARCHY
The model that we are going to study has an unstable
vacuum energy, that we will call Λ with some tunneling
rate per unit volume Γvac. The only other ingredient in
our model is a scalar field φ which has a generic coupling
to the Ricci scalar and a potential U(φ).
So, the action is:
S =
∫
d4x
√−g
[
1
2
M2f(φ)R − 1
2
∂µφ∂
µφ
−U(φ)− Λ− LSM ] , (1)
where we consider f(φ) > 0 and we assume that there
is only one fundamental scale (close to 10 TeV) appear-
ing in U(φ), f(φ) and Λ. We parameterize everything
in terms of M , and then we explain later (sect.IV) how
close M can be to 10 TeV. For example we parameterize
Λ ≡ λ4M4. As we will see, however, we require some
tuning of order 10−3 on λ (in this paper by “tuning”
we will always refer to hierarchy between mass scales) in
order to produce the correct amplitude for cosmological
perturbations.
For our mechanism to work we essentially require that
f(φ) has a minimum, say f(0) = 1, and then increases
monotonically faster than φ2, as φ → ±∞. Simple ex-
amples that one can keep in mind are f = 1+ β(φ/M)n,
with n > 2, and f = cosh(βφ/M). Finally LSM is
the usual Standard Model lagrangian of particle physics,
whose cutoff scale is assumed to be around 10 TeV, and
which does not play any dynamical role in our scenario.
Qualitatively what happens in this model is quite sim-
ple. We assume the field φ to start close to zero (we
explain how such initial conditions can be realized natu-
rally in section III A). We ignore the potential U(φ) for
the moment: we will use it only for stabilizing the field
at late times after reheating, and we assume it is sub-
dominant with respect to Λ. Therefore what happens is
that the presence of a vacuum energy drives exponen-
tial inflation with Hubble constant HI . At the same
time the field φ is unstable and starts growing in such
a background due to its coupling to R, which is large
during inflation. When φ becomes comparable to M ,
the de Sitter phase is dramatically slowed down and in
fact we reach an asymptotic regime, in which φ grows to
arbitrarily large values and the expansion is power law
[7, 12]. (We clarify in section III B why in this phase,
although φ≫M , quantum gravitational corrections are
not expected to spoil the picture.) This means that the
Hubble constant H is decreasing during this period and
when it reaches the value Γ
1/4
vac, the false vacuum decays
rapidly nucleating bubbles of true vacuum and giving rise
to a thermal bath (through bubble collisions) and thus to
the usual radiation era. We do not have to worry about
3early production of bubbles here (that could spoil the
CMB isotropy), since the Γ/H4I that we require here is
extremely small and by many orders of magnitude below
the experimental bounds (see [12]).
This mechanism was already described in [12] for the
special case when f(φ) is quadratic. Here we point out
how the model discussed in [12] can be naturally gener-
alized to give us an interesting by-product: one realizes
that the bare mass M in the Lagrangian does not coin-
cide with the value of MPl that we observe today, but
the latter is determined in general by the equation:
M2Pl =M
2f(φ) > M2
(
φ
M
)2
, φ≫M , (2)
which follows from the assumption we have made on
f(φ). The dynamical evolution that we described can
drive f(φ) to extremely big values. The final value of
f(φ) is determined by the condition H = Γ
1/4
vac. There-
fore if Γvac is small enough, f(φ) has enough time to grow
to ensure MPl ≫M . So, the basic idea is the following.
We assume M to be the TeV scale, which is the funda-
mental scale also for LSM . This means that gravity at
the beginning of Inflation was much stronger than today.
Then, the large hierarchy between MPl and M is gener-
ated by the evolution of the φ field during inflation and
its final value is set by another small parameter Γ
1/4
vac/M .
The fact that MPl becomes big after inflation and all
other scales present in the matter Lagrangian LSM stay
at the value M is very clear in the action of eq.(1). How-
ever at this point we find it easier to go from the so-called
Jordan frame of eq.(1) to the Einstein frame, in which all
the fields are rescaled in such a way that gravity appears
in the usual Einstein form and the field φ couples to ev-
erything else.
We also said that we have only one fundamental scale
and this is around TeV, but actually the second part of
the statement is frame dependent: in the Einstein frame
the fundamental scale M is identified with the Planck
scale, and what happens during inflation is that the mat-
ter Lagrangian gets suppressed by a huge factor, so that
at late times particle physics apppears to be at a very
small scale, compared to M . It does not really matter
in which frame we are working since the physical observ-
ables are always ratios of two scales, and this does not
depend on the frame. So, the frame independent state-
ment is that in our model the ratio MEW /MPl is driven
to a very tiny value by the dynamics of the Universe in
the false vacuum.
III. EVOLUTION IN THE EINSTEIN FRAME
The action in eq.(1) is dynamically equivalent to a the-
ory in which the gravitational action is the usual one, via
the conformal transformation:
g¯µν = f(φ)gµν , (3)
where we use the bar to indicate a quantity in the new
frame. The new action looks like
SE =
1
2
∫
d4x
√−g¯[M2R¯−K(φ)(∂¯φ)2] , (4)
where,
K(φ) ≡ 2f(φ) + 3M
2f
′2(φ)
2f2(φ)
. (5)
We have neglected the potential U(φ), since it is assumed
to be subdominant relative to the false vacuum energy,
which after the conformal transformation becomes
− Svac =
∫
d4x
√−g¯ Λ
f2(φ)
≡
∫
d4x
√
g¯ V¯ (φ) . (6)
So, in this frame the false vacuum energy becomes a po-
tential term for φ, that we called V¯ .
A. Exponential Phase
In order to understand the dynamics, we study two
different limits separately. First consider the case when
φ ≪ M . In this limit, generically the power series ex-
pansion of f(φ) can be approximated as
f(φ) ≈ 1 + β
(
φ
M
)n
. (7)
Since we have assumed that f > 0 has a minimum at
φ = 0, n 6= 1 and β > 0. The renormalizable coupling
(n = 2) is expected to be the dominant one and so we
study this case here. However everything works also if
the n = 2 term is absent, and we discuss this case in
Appendix A.
Now, keeping the lowest order terms in the kinetic and
the potential terms amounts to having
K(φ) = 1+β(6β−1)
(
φ
M
)2
, V¯ ≈ Λ
[
1− 2β
(
φ
M
)2]
.
(8)
One can now introduce a canonical scalar field variable
Φ via √
K(φ)dφ = dΦ , (9)
so that the final Einstein frame action looks like
S =
∫
d4x
√−g
[
M2
2
R− 1
2
(∂Φ)2 − V¯ (Φ)
]
, (10)
where φ = φ(Φ) is given by (9).
The vacuum term Λ becomes in this frame a potential
V¯ that looks like the top of a hill, and therefore we will get
inflation if we start from close to the maximum (φ≪M):
so, in this frame things look like slow-roll inflation.
This may seem like hybrid inflation([10]), with infla-
tion ending through tunneling. However there are two
4differences. First, hybrid inflation is introduced assuming
directly some specific couplings between two fields: after
rolling in one field, the barrier along the other direction
is lowered, giving graceful exit. Here instead in the origi-
nal frame of eq.(1), the φ field and the field locked in the
minimum are not coupled: they happen to be coupled
in the Einstein frame because φ is universally coupled
to matter. Second, here the slow-roll phase is followed
by a power-law phase: so even if inflation in this frame
happens at high scale (10−3MPl), the reheating scale is
very low (TeV): the field tunnels because H decreases,
not because the barrier lowers.
It is easy to see also how the initial condition on φ
can naturally arise. One possibility is that the initial
condition is just φ close to zero everywhere. Another
possibility (as was first argued in [13]) is that as initial
condition φ takes random values in different regions of
space. Similar to the case of topological inflation, in this
case one expects domain wall like configurations to ex-
ist extrapolating between φ → ±∞. Thus there would
be regions where φ ≈ 0 which are going to inflate and
eventually overwhelm the universe (Regions which start
with larger values of φ are going to inflate much less, if
at all.).
Since this is going to be slow roll inflation (in this
frame), one can use the slow roll approximations. One
can check that in the slow roll approximations, to lowest
order in φ/M , K(φ) can be approximated by 1, and the
approximate potential for Φ is given by
V¯ (Φ) = Λ
[
1− 2β
(
Φ
M
)2]
. (11)
It is now an easy exercise to calculate the slow roll pa-
rameters:
ǫ ≡ M
2
2
∣∣∣∣ 1V dVdΦ
∣∣∣∣
2
= 8β2
(
Φ
M
)2
, (12)
η ≡M2 1
V
d2V
dΦ2
= −4β . (13)
In the slow-roll approximation the relation between the
number of efolds N¯ (defined to be zero when βφ2 ≈M2)
and φ is given by:
N¯ ≈ 1
4β
ln
[
M√
βφ
]
. (14)
When φ grows to become of the order ofM the exponen-
tial phase ends, and there is a transition to a power-law
phase.
At this point it is perhaps good to emphasize that al-
though the inflation itself is driven by the energy of the
false vacuum (of possibly another scalar field), the fluc-
tuations are generated in the φ field.
B. Power Law Phase
When φ grows to become larger than M , all possible
nonrenormalizable operators which might be there in the
theory become relevant. We exploit this fact in order to
slow down strongly‡ the inflationary phase, and we only
make the assumption that
f(φ) > φ2 ⇐⇒ f ′2 > |f | .
In this case in the numerator of K(φ) (5), the second
term dominates. Therefore, in this phase, the kinetic
and potential terms can be approximated as
K(φ) ≈ 3
2
(
f ′
f
)2
, V¯ ≈ Λ
f2
. (15)
We can now introduce a canonical variable via
Φ ≡
√
3
2
M ln f , (16)
so that the scalar tensor action looks formally the same
as eq.(10) with
V¯ (Φ) = Λ exp
(
−2
√
2
3
Φ
M
)
. (17)
Evolutions under such exponential potentials are very
well known [14] and in particular, this corresponds to
a power law phase given by
a¯ ∼ t¯p with p = 3
4
. (18)
It is also easy to see that φ grows and the kinetic energy
is always proportional to V¯ (precisely it is 4/5 V¯ ).
Now, the end of this phase is achieved when H¯2 ≃ V¯M2
is equal to Γ¯
1/2
V AC . Therefore the final field value φF is
given by:
f(φF ) ≃ λ
2M
Γ¯
1/4
V AC
. (19)
At this point some readers may have the objection that
a theory in which the field value is much bigger than the
fundamental scale is suspicious, since quantum gravita-
tional effects may invalidate our treatment. However this
not a new situation in Inflationary cosmology and in fact
the so-called “chaotic inflation” [8] has always the infla-
ton value bigger than MPl. Such a large value for the
‡ If one only had the quadratic coupling even at large φ, it still
gives a good model of inflation [12], but in the power law phase φ
does not grow fast enough to drive the Planck mass to very large
values. Moreover the presence of the nonrenormalizable opera-
tors makes unnecessary to have a curvaton, which was required
in [12] in order to have a flat adiabatic spectrum.
5field is not a problem and one can use classical gravity
since we are always working at sub-Planckian energies.
In other words, quantum corrections to the Lagrangian
always involve a potential V (Φ) or a mass ∂2V (Φ)/∂Φ2
and never directly Φ (see [9], sect.2.4 for a clear discus-
sion). Since V¯ is always smaller than M , our model is
well under control, and actually the situation becomes
better and better as φ increases.
C. Hierarchy, Inflationary constraints and Gravity
Waves
First of all, let us see how much Hierarchy is generated.
This can be seen from eq.(2), where we have to put the
final value given by eq.(19). This gives:
MEW
MPl
≃ 1
λ
√
Γ¯
1/4
V AC
M
. (20)
Note now that Γ¯ is different from Γ in the original frame.
In fact Γ¯ is a time dependent quantity as any other mass
scale in the Einstein frame. Therefore if we want to relate
the Hierarchy to the time independent Γ in the original
frame we have to take into account the fact that any mass
scale m is suppressed in the Einstein frame as:
m¯ = f−1/2(φF )m. (21)
Therefore we get the following which is the main result
of this paper:
MEW
MPl
≃ 1
λ2
Γ
1/4
vac
M
, (22)
that relates the hierarchy to the smallness of the tunnel-
ing rate.
We are going to show, then, under which conditions our
model is also satisfactory as a model of primordial infla-
tion, in the light of the recent WMAP 3-year data [18].
This will set the value of the parameters β and λ.
First of all, let us compute when a particular comov-
ing scale L went outside the horizon during inflation. We
count the number of efolds starting from the end of ex-
ponential inflation (whose scale factor we call aE), going
backwards in time. In general a scale L leaves the horizon
at some efolding number N¯L if:
L
(
T0
TRH
)(
a¯E
a¯RH
)
e−N¯L = H¯−1I , (23)
where H¯I ≃ λ2M is the value of H¯ during the exponen-
tial phase. Here the reheating temperature TRH is the
temperature of the thermal bath after the bubble nucle-
ation. Assuming that reheating is almost istantaneous
it is given by T 4RH ≃ Γ1/2vacM2Pl. The redshift during the
power-law phase is given by a¯E/a¯RH = (t¯E/t¯RH)
3/4 ≃
(Γ¯
1/4
V AC/H¯I)
3/4. Here we have assumed that the tran-
sition between the “exponential” and the “power-law”
phase is very quick and this is true for most functions,
f(φ). Now, the largest scale observed today is the hori-
zon scale (3000h−1Mpc), which leads to:
N¯3000h−1Mpc ≈ 49 + lnλ . (24)
Thus it is clear that the horizon problem will be solved if
the total number of e-foldings, N¯tot >∼ 46 (where we used
lnλ ≃ −3, given by eq.(29)).
Next, we proceed to analyze the spectral index of cos-
mological perturbations. This is given by nS = 1+2η−6ǫ.
Using eq.(13) we get:
nS − 1 ≃ 2η ≃ −8β , (25)
in agreement with the Jordan frame computation in [12].
Using the most recent observations by the 3-year data
of the WMAP satellite[18] we can fix the coupling β to
be:
nS ≃ 0.95⇒ β ≃ 6 · 10−3 (26)
The slow roll parameter ǫ is instead much smaller:
ǫ ≃ 8βe−4βN¯ ≃ 4.8× 10−2e−0.024N¯ , (27)
where we used eq.(14) for small φ, and in the second
equality eq.(26). Given these values for the slow-roll pa-
rameters we can evaluate also the amplitude of the power
spectrum , which is given by the well-known formula (see
e.g. [9]):
A2 =
(
H¯I
M
)2
1
8π2ǫ

φ=φ(N¯≈N¯
3000h−1Mpc
)
. (28)
If we insert eq.(27) in this, combined with eqs.(26,24),
and we impose it to be of the observed order 10−10 we
get a constraint on λ
λ ≃ 3× 10−3 . (29)
Let us also check if the horizon problem is solved suc-
cessfully. Now, the total number of efolds N¯tot depends
on the initial condition of our field φ = φ0. We assume
as initial condition that φ starts close to zero. It is not
physical to assume it to be exactly zero since the field is
subject to quantum fluctuations. Therefore we set φ0 to
be determined by initial quantum fluctuations. In this
case one has φ0 ∼ H¯I/
√
β. This gives:
N¯tot ≈ − lnλ
2β
≃ 484 . (30)
which is more than enough.
The model is now very constrained and so we have
a definite prediction on the amplitude of the spectrum
of stochastic gravitational waves produced (as usual) by
quantum fluctuations during inflation. The tensor-to-
scalar ratio can be computed in the Einstein frame just
like the usual one for slow-roll inflation:
r ≡ PT
PS

N¯=N¯
3000h−1Mpc
= 16ǫ|N¯=N¯
3000h−1Mpc
= 0.25 ,
(31)
6which is just below the present constraints, and so it is
going to be measured by coming experiments [11].
It is very interesting to note what happens in the
case n > 2, which is analyzed in detail in Appendix
A. There is no constraint on β analoguous to eq.(26):
in fact the spectral index is independent of β and it is
only weakly dependent on n. Remarkably the resulting
nS , given in eq.(A8) is a prediction (nS ≃ 0.95) in very
good agreemeent with the WMAP recent measurement
([18]). This case requires λ to be tuned approximately
by the same amount as eq.(29). The duration of inflation
is enormously long and PT /PS is unobservable, since ǫ is
extremely tiny in this case.
Finally, and very importantly, we stress that in our
scenario the reheating temperature is quite low: TRH ≃(
Γ
1/2
V ACM
2
Pl
)
≈ √MMEWλ. This is in fact close, or
less than a TeV (we will be more precise in the next
section), although the scale of inflation in this frame is
very high (10−3MPl). Note that this could mean that the
electroweak symmetry is either restored for a very small
time or never restored in the history of the Universe.
This has a very exciting observable consequence. In
fact, since reheating proceeds through bubble collisions,
it is well-known [16] that relic gravitational waves (GW)
are produced. For a recent analysis of the GW spectrum
we refer to [16]: a rough estimate gives that the spectrum
of GW is peaked around 10−1 − 10−3 mHz (which is in
the sensitivity range of LISA), and the amplitude is big
enough to be detectable by LISA (see [15, 16]). Although
a precise estimate is beyond the scope of this paper, one
can use the equations in [16] and find that the amplitude
of the peak should be around ΩGW ≃ 10−7.
IV. LATE TIME STABILIZATION AND
“OTHER” HIERARCHIES
If after the decay of the false vacuum we are left with
no potential for Φ, it will mediate a fifth force among the
SM particles grossly violating the current experimental
bounds. There may be different mechanisms which may
solve this problem but here we point out the simplest
one, which is stabilizing and giving it a mass through
the potential U(φ), introduced in eq.(1). As a concrete
example one may imagine a periodic potential (although
the only necessary requirement is that the potential have
many minima):
U(φ) = −µ4M4 sin2 [f(φ)] , (32)
where µ is a number that we will assume to be slightly
smaller than λ, so that the potential does not change in a
significant way the dynamics previously discussed. Using
eq.(29) this means:
µ <∼ 10−4 . (33)
In the Einstein frame the potential becomes
U¯(φ) = −µ4M4 sin
2 [f(φ)]
f2(φ)
. (34)
We see that as long as µ is small compared to λ, this po-
tential remains subdominant through out the evolution
of φ and plays no significant role in the dynamics§. How-
ever, once Λ vanishes, φ stops and it falls in a minimum
of the potential around the value φF . This leads to a
mass of the order:
mΦ =
√
∂2U¯(Φ)
∂Φ2
∼ µ2MPl , (35)
which easily avoids the fifth-force bounds. This is also
big enough to avoid any problem of overclosure of the
Universe in the radiation phase due to oscillations in the
φ field, which scales as matter. The gravitational decay
rate is big enough so that the φ oscillations decay away
before nucleosynthesis [17].
At this point we can be more precise about the value
of M in the original frame, in order to discuss more in
detail the amount of tuning needed and the prediction
for the LISA experiment. We said that M has to be
close to 10 TeV, but one can imagine two specific situ-
ations. In the first one, M =10 TeV, which means that
the scale of Λ is about (10GeV)4. In this case the fre-
quency of the gravity wave would be 0.1 mHz, where the
sensitivity of LISA is very good (ΩGW ≃ 10−10). This
choice leads to the issue of finding a motivation for why
the scale of Λ and of U(φ), are kept smaller than the
cutoff scale. This is beyond the scope of this paper, but
one can imagine [20] for example an axion-like potential
where the scale is low because it is dynamically generated
(as for the QCD axion). In the second situation one can
imagine that Λ1/4 coincides with the 10 TeV cutoff scale.
In this case there is no issue of protecting Λ1/4 and U(φ)
from quantum corrections, but the issue is instead: why
M is larger than the cutoff scale already at the beginning
of inflation? In this case one could think of something
similar to what happens in string theory, where the four
dimensional Planck scale can be easily 2-3 orders of mag-
nitude bigger than the fundamental string scale. In this
second case the prediction for LISA is that the spectrum
is peaked around 10−3 mHz, with the same amplitude
ΩGW ≃ 10−7, compared to a sensitivity of 10−8.
Before concluding let us point out that our scenario
provides a general source of Hierarchy that can poten-
tially be used to explain other Hierarchies present in
late time physics, such as explaining the magnitude of a
cosmological constant that fits observations in a FLRW
§ We have explicitly checked that a field rolling in a potential with
bumps of small amplitude gets only small corrections to its ki-
netic energy
7model¶ or the hierarchy in the particle spectrum.
This feature can also be exploited in order to under-
stand better what is the scale MEW , in relation to the
Little Hierarchy problem. Usually one argues that MEW
has to be at least 10 TeV in order to forbid dangerous
higher dimensional operators, but then one has to un-
derstand why the Higgs mass is still quite lower than 10
TeV. A solution can be that in fact MEW is of the order
of the Higgs mass and some symmetries forbid the dan-
gerous operators, such as the ones which violate baryon
number∗∗. Another solution could be to couple the higher
dimensional operators as (ψ¯ψ)
2
φ2 instead of
(ψ¯ψ)2
M2 (where ψ
is some SM fermion). In this way they will be extremely
suppressed. Of course one needs a justifications for hav-
ing this kind of couplings, but still it is a possibility that
is availiable and ready to be exploited.
V. CONCLUSIONS
We have presented a new way of explaining the Hierar-
chy betweenMPl andMEW starting from a theory where
there is roughly one single scale M , but we dynamically
obtain the huge splitting between the two scales. It is
assumed that the Universe starts in a false vacuum that
gives rise to Inflation. The presence of a scalar field φ
with non minimal couplings to gravity gives rise to a de-
celerating phase after inflation, which leads to graceful
exit when the false vacuum can tunnel to a zero energy
vacuum. Its final value sets the value of the Planck mass,
and therefore it explains the Hierarchy problem assum-
ing that the tunneling rate per unit volume Γvac is small
enough with respect to M4.
If our scenario is actually realized in nature, this would
mean that all the nonrenormalizable operators of any
particle physics model will start becoming important at
the TeV scale, which opens up the possibility of observing
completely new physics at the LHC.
In addition future experiments on gravitational waves
based on space interferometers (LISA) will definitely be
able to confirm or rule out our proposal, through the de-
tection of a clear peak with ΩGWh
2 ≃ 10−7 at frequencies
of 10−1 − 10−3 mHz.
We have also discussed the power spectra of scalar and
tensor fluctuations from inflation. Depending on the spe-
cific realization of our idea we have made two predic-
tions. In one case, fixing the scalar spectral index nS
¶ For example, consider adding to the original Lagrangian of eq.(1)
a second potential term of the form V2(φ) = M4/f2(φ). The
same mechanism that gives MEW /MPl ≃ 10
−14 could also gen-
erate Λtoday/M ≃ 10
−14. It is quite remarkable that without
introducing another mass scale we can generate even a tiny cos-
mological constant, but of course this does not solve the “quan-
tum” cosmological constant problem.
∗∗ It is not required to have such baryon number violating operators
in order to obtain baryogenesis, see for instance [19].
using the WMAP 3-year data, the tensor-to-scalar ratio
is predicted to be PT /PS ≃ 0.25, detectable in the near
future [11]. In the other case we have no prediction on
PT /PS but we have the prediction nS ≃ 0.95 already in
good agreement with the new WMAP data [18].
The amplitude of cosmological perturbations implies
some initial hierarchy (10−3 − 10−4), which comes from
the observed small number δT/T ≈ 10−5 from the CMB,
and from the need to stabilize the φ field at late times,
thus recovering Einstein gravity.
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APPENDIX A: APPENDIX: EXPONENTIAL
INFLATION WITH n > 2
We show in this Appendix that the stage of exponential
inflation is viable also in absence of the renormalizable
term n = 2. For any n > 2 keeping the lowest order
terms in the kinetic and the potential terms amounts to
having
K(φ) = 1− β
(
φ
M
)n
, V¯ ≈ Λ
[
1− 2β
(
φ
M
)n]
, (A1)
Again, for φ ≪ M , the canonical scalar field variable Φ
and φ almost coincide (K ≈ 1). In the slow-roll approx-
imation now, to lowest order in φ/M , we get now:
V¯ (Φ) = Λ
[
1− 2β
(
Φ
M
)n]
, (A2)
and therefore:
ǫ ≡ M
2
2
∣∣∣∣ 1V dVdΦ
∣∣∣∣
2
= 2β2n2
(
Φ
M
)2(n−1)
, (A3)
η ≡M2 1
V
d2V
dΦ2
= −2βn(n− 1)
(
Φ
M
)n−2
. (A4)
Now, in the slow-roll approximation, the relation between
the number of efolds N¯ (defined to be zero when φ ≈M)
and Φ is given by:
Φ ≈M (2n(n− 2)βN¯ ) 12−n , (A5)
and therefore the total number of e-foldings is given by
N¯tot ≈ 1
2n(n− 2)β (Φ0M )n−2 , (A6)
8where Φ0 refers to the initial position of Φ. Again, when
φ grows to become of the order of M , the exponential
phase ends, and there is a transition to a power-law
phase.
As for the phenomenological constraints, and using
eq.(A5) we get now:
nS − 1 ≃ 2η ≃ − 2
N3000h−1Mpc
(
n− 1
n− 2
)
, (A7)
which leads to the prediction:
0.94 ≤ nS ≤ 0.96 (A8)
This prediction is amazingly confirmed by WMAP 3-year
data ([18]), which has measured ns = 0.951+0.015−0.019
††.
The slow roll parameter ǫ turns out to be negligible
and it is (for example in the case n = 4):
ǫ ≈ 10−7/β . (A9)
Given these values for the slow-roll and using eq.(28), we
get a constraint on λ:
λ ≃ 2× 10−4β−1/4 . (A10)
In this case a reasonable choice of parameters is again
given by eq.(29). Finally, using Φ0 ∼ H¯I and eq.(A6) and
the numbers in eq.(29) we get typically a huge number
of efolds:
N¯ ≈ 109 . (A11)
†† This comment is added in a revised version, after the release of
the WMAP 3-year data
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